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Abstract 

The Bg J/^/o(980) decay offers an interesting experimental alternative to the 
well-known B® — > J/ip<fr channel for the search of CP- violating New-Physics con- 
tributions to Bg-Bg mixing. As the hadronic structure of the /o(980) has not 
yet been settled, we take a critical look at the implications for the relevant ob- 
servables and address recent experimental data. It turns out that the effective 
lifetime of B® — > J/ipfo(980) and its mixing- induced CP asymmetry S are quite 
robust with respect to hadronic effects and thereby allow us to search for a large 
CP-violating B° s -B° s mixing phase <j) s , which is tiny in the Standard Model. How- 
ever, should small CP violation, i.e. in the range —0.1 <J S <^ 0, be found in 
B® — > J I 'ip /o(980) , it will be crucial to constrain hadronic corrections in order to 
distinguish possible New-Physics effects from the Standard Model. We point out 
that Bj —7- J/ipfo(980), which has not yet been measured, is a key channel in this 
respect and discuss the physics potential of this decay. 
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1 Introduction 



With the Large Hadron Collider (LHC) at CERN now collecting copious amounts of 
data, the testing of the Standard Model (SM) has entered a new phase. Concerning 
the quark-flavour sector, the decay — > J / 'ip / (980) , which we abbreviate from here 
on as B® — > J/ifjfo, offers an interesting probe of CP violation (Tl. In particular, this 
channel allows us to search for CP- violating New-Physics (NP) contributions to B®-B® 
mixing, which is conventionally studied via the B® — > J/i(j<j) decay. The draw back of 
the B® — > J/i/j4> mode is that its final state contains two vector mesons and is thereby a 
mixture of CP-even and CP-odd eigenstates. Consequently, in order to disentangle the 
CP eigenstates, a time-dependent angular analysis of the decay products J/ip — > /i + \T 
and <fi — > K + K~ is necessary [2j[3]. In contrast, because the / (980) is a scalar state 
with quantum numbers J PC = ++ |4j, the final state of B° s — > J/ipfo is a p-wave state 
with the CP eigenvalue —1 and thus an angular analysis is not needed (T]. 

The B° s — > J/ipfo channel was observed by the LHCb and Belle experiments in the 
spring of 2011 [5j[6] . These results have recently been confirmed by the D0 [7] (with a 
preliminary measurement) and CDF collaborations (§]. In Table [TJ we list the reported 
data for B° s — > J/ipfo with / — > 7r + 7r~, which is the dominant channel. LHCb, D0 
and CDF do not measure the branching ratio directly, but instead its fraction, Rf /^, 
with respect to the branching ratio for B° s — > J/ip(j) with cf) — > K + K~ . For comparison, 
we have also included in the table the corresponding branching ratios of these fractions 
using additional experimental input from Ref. j4]. 

We observe that the number of events for B® — > J/ipfo with f — > 7r + 7r~ is about 
four times smaller than for B° s — > J/ip<f) with <p — > K + K~ . Nevertheless, as no angular 
analysis is required, the B Q S — > J/ipfo channel offers a convenient alternative to the 
conventional B° s — > J/ip(f) decay from an experimental point of view (Tl. In addition to 
a branching ratio result, the CDF collaboration has reported a first measurement for 
the effective B® — > J/ipfo lifetime (8], and the LHCb collaboration has very recently 
presented a first preliminary analysis of CP violation in B° s — > J/ipfo (9j. In the future, 
we should see more precise measurements of the corresponding observables. 

In view of these promising developments, we briefly summarize the current knowledge 
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0.257 ±0.020 ±0.014 




1.71 ±0.65* 



Table 1: Compilation of branching ratio measurements involving B® — > J/ipfo. Here 
R fQ/(j> = BR(B° S J/ipfafo -> tt+tt-)/BR(B° s ->• K + K~), and a * indi- 

cates that this result was calculated by us, for comparison, using the additional inputs 
BR(B° S -> J/ip(j)) = (1.4 ± 0.5) x 10" 3 and BR(0 K + K~) = (48.9 ± 0.5) x 10" 2 Q. 
The reported errors are either the statistical and systematic uncertainties, respectively, 
or everything combined in quadrature. 
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about the /o(980) in Section [2j and have a closer look at the B® — > J/ipfo amplitude 
structure in Section |3j In Section |4j we discuss the effective B® — > J/ipfo lifetime Tj/^f , 
which can be determined from untagged B s data samples, derive a general bound on 
T J/ipf an d show the dependence on the CP- violating B Q S -B° S mixing phase <p s . The mixing 
phase also plays a key role for the time-dependent CP asymmetry of B® — > J/ipf Q , which 
we address in Section [5} The theoretical predictions given in Sections [4] and [5] are limited 
by doubly Cabibbo-suppressed hadronic contributions. In Section |6j we point out that 
these effects can be constrained by an analysis of the B® — > J /ipf o(980) channel, which 
has not yet been observed and would be an interesting addition to the experimental 
agenda. Finally, we summarize our results in Section [7| 



2 Hadronic Structure of the /o(980) 
2.1 Preliminaries 

Contrary to the continuing search for an elementary scalar particle, a variety of scalar 
hadronic bound states have long been observed. These states are often categorized 
according to whether their mass falls above or below 1 GeV. Those belonging to the 
former category are expected to be composed predominantly of quark-antiquark states 
and among them a SU (3)p flavour nonet can be identified. Unfortunately, the / (980) 
belongs to the latter category, where, as we will see, the interpretation is far from being 
straightforward. The /o(980) is an isospin singlet with a mass of (980 ± 10) MeV, just 
below the KK threshold, and a full width between 40 MeV and 100 MeV, which reflects 
the fact that the width determination is very model-dependent (4). 

In the literature, the hadronic structure of the / (980) state has been discussed 
for decades and there are may different interpretations, from the conventional quark- 



antiquark picture 10 to multiquark 1112 or KK bound states [13] (for a review, see, 
for instance, Ref. [4] and references within). As the goal is to use the B® — > J/ipfo decay 
for precision tests of the CP-violating sector of the SM, it is a natural and important 
question to explore how the hadronic structure of the / (980) affects the corresponding 
observables. In this section, we have a closer look at popular descriptions of the / (980), 
setting the stage for the discussion of the B® — > J/ipfo observables. We will focus on 
two specific frameworks: the quark-antiquark and tetraquark pictures. 



2.2 The / (980) as a Quark-Antiquark State 

In the conventional quark model, the scalar hadronic states are interpreted as mesons, 
i.e. quark-antiquark (qq) bound states, with an orbital angular momentum of L = 1 and 
a spin of S — 1 coupled to give a total angular momentum of J = 0. In analogy to the 
pseudo-scalar mesons, it is suggestive to group the observed scalar states into nonets of 
the SU(3)p flavour symmetry of strong interactions. 

For the scalar states with masses ^ 1 GeV, we can identify an isotriplet a (980), two 
strange isodoublets, k or Kq(800), and two isosinglets, a or / (600) and /o(980). In the 
naive quark model, assuming ideal mixing between the heaviest and lightest members of 
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the SU (3)f nonet, the /o(980) and a (600), respectively, their quark-flavour composition 
would simply be given by 



|/o(980)> = \ss), |cr(600)> = \nn), (2.1) 

where 

\nn) = — (\uu) + \dd)) (2.2) 
v2 

is the isospin-singlet combination of the uu and dd components. However, there is 
also experimental evidence for a non-strange component of the /o(980), which could be 
interpreted as evidence for the following mixing structure: 



|/o(980))\ _ / cosy? M siny2 M \ _ ( \ss) 
|er(600)) J \-simp M cos^m/ \\nn) 



(2.3) 



Here the mixing angle tpu is the counterpart of the 77-7/ mixing angle in the standard 
pseudo-scalar nonet Q 

The determination of <pm is affected by large errors and appears process and model 
dependent. Let us give a few examples: 

• Using Df — > 7r + 7r + 7r~ transitions caused dominantly by — > n + ss processes, the 



range 35° < \<Pm\ < 55° was estimated in Ref. 15 



By making a simultaneous calculation of radiative decays of the kind /o(980) — > 77 
and 0(1020) -> 7/ (980), ip M = (4 ± 3)° or ip M = (138 ± 6)° were obtained in 
Ref. [161 . 



In Ref. [17] , it was found that a value of ipu — 20° is consistent with the resonance 
data from 0(1020) — > 77r°7r° and J/ip — > utttt decays. 

Using two different methods to fit the D( s ) — > /o(980){7r, K} branching ratios 
(covariant light-front dynamics and dispersion relations), tpyi = (31.5 ± 5.0)° and 



V'm = (41.6 ± 7.1)° were obtained in Ref. 18 



Despite the unsatisfactory picture for the mixing angle, these studies show that the 
/o(980) has a significant ss component. This feature is also supported by the recent 
observation of the B® — > J/ipfo channel, with measurements as summarized in Table [!} 
Due to their non-zero orbital angular momentum, the scalar mesons are expected to 
be heavier than the pseudo-scalar and vector mesons in the naive quark picture. This is 
not, however, the case for the light scalars that have masses below 1 GeV. Furthermore, 
the light scalar mass spectrum bears little resemblance with that of a standard nonet. 
An attractive framework to overcome these phenomenological problems is offered by the 
tetraquark model. 



^or a recent review on the ij-rj' mixing angle, see, for example, Ref. 14 
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2.3 The / (980) as a Tetraquark 

In the tetraquark picture, scalar states with quantum numbers J PC = ++ are formed 
by the binding of diquark and anti-diquark configurations. A diquark, denoted by [qq'], 
transforms as 3 under S77(3)c colour symmetry, has spin 5 = 0, and transforms as 3 un- 
der SU (3)f flavour symmetry Anti-diquarks, denoted by [qq'], are in the corresponding 
conjugate representations. The bound scalar states of diquarks and anti-diquarks, which 
do not require a non- vanishing angular momentum L in contrast to the qq interpretation, 



can reproduce the 5C/(3)p nonet structure and mass ordering in a natural way 11, 12 



The physical /o(980) and <r(600) states are given in terms of the ideally mixed states 

l/f'Ml.i*^, |<t[°](600)} = MM (2-4) 



s/2 



as 



|/o(980)>\ (cosu -sinuA ( \f® (980)} \ , , 

|cr(600)> J \smco cosu ) \\a^{600)) J ' 1 ' 

An analysis of the measured scalar masses points to a small deviation from ideal mixing, 



with an upper bound of \u\ < 5° 12 19, 20 , which we shall neglect in the following 
discussion. 



In Ref. 12 , it was pointed out that a coherent picture of the scalar mesons can be 
obtained through mixing between tetraquark and qq states due to instanton effects. Here 
the light scalar mesons ^ 1 GeV are predominantly tetraquark states while their heavier 
counterparts, with masses ^ 1 GeV, are predominantly qq states. A fit of this model to 
data adequately describes the mass spectrum. 

2.4 Further Probes of the / (980) 

In lattice QCD, there is an ongoing effort to calculate the spectrum of the low-lying 
scalars and to study observables that will allow us to distinguish between exotic and 



conventional states (see, e.g., Ref. 21 ). 

On the phenomenological side, several processes are under scrutiny to probe the 
structure of the /o(980). Particularly interesting are radiative <fi — > /o7 decays, which 
were proposed to distinguish between the standard qq and tetraquark interpretation. 
One evident difference is that the radiative transition of the <ft ~ ss to a non-strange qq 
state would require the annihilation and creation of an additional quark-antiquark pair 
in the qq picture, which is suppressed by the Okubo-Zweig-Iizuka (OZI) rule. On the 
other hand, the transition to a qqqq state containing a ss pair requires only the creation 
of an additional qq pair, which is not OZI-suppressed. Also here the data seem to favour 
a tetraquark picture, although alternative interpretations involving model-dependent 



assumptions are possible as well (see, e.g., Refs. 17 22]). 

Further insights come from two-photon fusion or decays into two photons thanks to 
their sensitivity to the electric charge of the constituent quarks of the /o(980) (see, e.g., 



Refs. 17 23 



The /o(980) has also been observed in hadronic decays of Z° bosons, where its pro- 
duction properties are found to be similar to those of a meson. This supports the 
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Figure 1: Decay topologies contributing to the B® — > J/ipfo channel as discussed in the 
text. The penguin topologies include implicitly QCD and EW penguins. 



qq picture although there are currently no predictions for the production rates of the 
tetraquark or the even more exotic KK molecule picture available 
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Over the last decade, a large amount of data for decays of heavy mesons has become 
available, opening the way for new studies to reveal the hadronic structure of the /o(980). 
Decays of D s mesons have received a lot of attention, and also charmless hadronic B 
decays offer a nice laboratory to shed further light on the nature of the scalar mesons 
for instance, Refs. 25,261). 



see, 



A more comprehensive overview of the hadronic structure of the /o(980) is beyond 
the scope of this paper. In the following discussion of the B° s — > J/?pfo decay, we 
shall consider the quark-antiquark and tetraquark pictures of the /o(980) as theoretical 
benchmarks. 



3 Amplitude Structure of — >• J/^/o 
3.1 Decay Topologies 

In Fig. [TJ we show the decay topologies contributing to B® — » J/ipfo in the SM. The 
structure of the corresponding decay amplitude is given as follows: 



A(B° S -> J/^/o) = A« 



/lrp -|- S±p -|- S±-£ 



A 



PA 



1 ' v 1/ 



+ A£> + A 



(u) 



l(«) 

PA 



+ A 



(») 



4*> + A (t) 



PA 



(3.1) 



where A 



V qs V* b are CKM factors and topology generically denotes the corresponding 

(<=) w 



CP-conserving strong amplitudes. Specifically, A^ is the colour-suppressed tree contri- 
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bution, Ap are the penguin and penguin exchange topologies with a g-quark running 



in the loop, and A^' describe exchange topologies with cc and uu pairs created by 
the W exchange, respectively, while the Ap\ denote the penguin annihilation topologies 
with internal g-quarks. 

The penguin topologies implicitly include QCD and electroweak (EW) penguins. In 
analogy to B® — > J/ipK s or B® — > J/ip<f), the QCD penguin topologies require a colour- 
singlet exchange and are OZI-suppressed. However, this comment does not apply to 
the EW penguin diagrams, which can contribute in colour-allowed form and are hence 



i(*0 



expected to have a significant impact on the B® — > J/ipfo penguin sector 27 . It is not 
evident that the OZI suppression is effective for the QCD penguin topologies and that 
it cannot be reduced by long-distance effects. Let us also note that data on non-leptonic 
5-meson decays of the kind B — > tttt and B — > Dtt indicate that colour suppression is 



not effective in nature (see, for instance, Refs. 28l 29| 



Using the unitarity of the CKM matrix to eliminate the A^ factor, we obtain 



A(B° S -> J/^/o) 



1 - y ) A [1 + ebe 1 ^] 



(3.2) 



where we have introduced the CP-conserving "hadronic" parameters 



A = X A 



A 



(c) 



+ 4 rf) 



+ 4 C) 



+ A {ct) 

-1- /ip A 



(3.3) 



and 



be^ = R h 



using the shorthand notation 



Aut) , a{u) . Aut) 
Zip -\-Ji E -\- Si pA 



A^ ] + A 



(ct) 
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+ ) + ^PA 



(ct) 



(3.4) 



.4 



(<?*) 

topology 



= A 



(9) 

topology 



- A 



(t) 

topology ' 



(3.5) 



with q G {u, c}. These CP-conserving amplitudes can be expressed in terms of hadronic 
matrix elements of four-quark operators appearing in the relevant low-energy effective 
Hamiltonian 



27, 30 . In the above expressions, A = \V U , 



0.2252 ± 0.0009 is the 



Wolfenstein parameter of the Cabibbo-Kobayashi-Maskawa (CKM) matrix [I], 



A 2 



1 - A 2 



0.0534 ±0.0005, A 



w, 



cl,\ 



A 2 



0.8, R b = 











i 


v cb 



0.5, 



(3.6) 

and 7 is the usual angle of the unitarity triangle (UT) of the CKM matrix. As the 
parameters A and R b will not enter our numerical calculations, we have only indicated 
their orders of magnitude. For a detailed discussion of the current experimental infor- 
mation about \V c b\ and \V u b\ from semi-leptonic I?-meson decays, the reader is referred 
to Refs. g]|3T 



The form of the B® — > J/V/o amplitude is similar to that of B® — > J/tpK° [32 34 
and Bg — > J/ip4> [35) . In analogy to these channels, the hadronic parameters b and 
$ cannot be calculated reliably and suffer from large theoretical uncertainties. In the 
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Mq 

Figure 2: Illustration of how the topologies shown in Fig. [T] are extended in the case 
where the / (980) is a tetraquark. Also shown is the additional topology A± q . 



case of the B° s — y J/ipfo channel the situation is even worse because the details of the 
hadronic composition of the /o(980) affects the value of he 1 ® . However, the crucial feature 
is that this parameter enters the decay amplitude with the tiny e factor, i.e. it is doubly 
Cabibbo-suppressed. 



3.2 Specific Assumptions about the / (980) 

In order to obtain insights into the parameter be 1 ®, we have to make assumptions about 
the hadronic composition of the /o(980). In the case where the /o(980) adheres to the 



qq model as described by (2.3), we may split the strong amplitudes into separate terms, 
projecting out on the different quark flavours. This gives 



= cos (p u A^> s -, 



(c) 



4^ = cos^m41- ; 



Ae = COS IfU^ss + "7= Sin fM 

A (.It) A(lt) 1 • 

A-W = cos Vm^paU" + sm 



4 (c) 4- A 
A E,uu + A 



(c) 



A 



(H) 

PA, MM 



+ A 



(n) 

PA,dd 



A^> — a\-n ,n 

A E ~ ^Sin^ M ^E,uu> 



(3.7) 



where topology qq d en °tes a CP-conserving strong amplitude contributing to the qq flavour 
component of the / (980). This decomposition is analogous to SU(3)p analyses of non- 
leptonic B decays involving rj or rf mesons, where we have to deal with 77-7/ mixing 
[36}|38] . By assuming SU(3)p flavour symmetry for the strong dynamics producing the 
/o(980), we can. for convenience, drop the qq subscripts without further loss of generality. 



The hadronic parameter defined in (3.4) then takes the following form: 
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(3.8) 

If, instead, the / (980) is a tetraquark, the uu, dd and ss final states of the topologies 
in Fig. [T] are modified by the creation of an extra quark-ant iquark pair as shown in 
Fig. [2j Moreover, there is an additional topology A iq , which is specific to the tetraquark 
description of the /o(980). Another example of a weak B-meson decay with an additional 
topology in the tetraquark interpretation of the light scalars that is not present in the 



qq picture is the — > k + K~ channel, as was pointed out in Ref. 26 

In order to simplify the discussion, we assume oj 
can then be written as follows: 
1 



in (2.5). The strong amplitudes 
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(3.9) 



where A to ^ ology gg ,-,- denotes a strong amplitude of which the / (980) tetraquark was 
formed by a qq final state (from the corresponding topology in Fig. [I]) combining with a 
q'q' pair. In the last equalities of the expressions in (3.9) we have assumed - as indicated 



- isospin or SU(3)p symmetry in order to simplify them. The additional topology A 4q 
in Fig. [2] can be written correspondingly as 
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(3.10) 



and contributes with the CKM factor A« . We finally arrive at the following expression 



for the hadronic parameter defined in (3.4): 
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(3.11) 



It is interesting to observe that in the absence of the A± q contribution fee 



same form as be 1 ® I , for 

I4q 



m _ takes the 
qq 
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(3.12) 



i.e. for a mixing angle of </?m = 35°, which corresponds to 



l/o(980)) 



V6 



[\uu) + \dd) + 2\ss}] 



(3.13) 



with a flavour structure similar to that of the rj' meson 14 36 . The individual topo- 



logical amplitudes would, however, still take different values in the quark-ant iquark and 
tetraquark descriptions of the / (980). Unfortunately, we cannot calculate these ampli- 
tudes as they are non-perturbative quantities. 

For the discussion of the B® — > J/ipfo observables in Sections [I] and |HJ we will consider 
the following range for the relevant hadronic parameters: 



< b < 0.5, 0° < ■d < 360°. 



(3.14) 



Because of Rb ~ 0.5, the value of b ~ 0.5 would correspond to strong amplitudes in the 



numerator and denominator of (3.4) of the same order of magnitude. In view of the still 
unsettled hadronic structure of the / (980) and the complex - and essentially unknown - 
hadronization dynamics of the B® — > J/ipfo channel we cannot exclude such a scenario' 2 



We shall return to the hierarchy of the different decay topologies in Section pA 

The expressions for be 1 " 9 in the qq and tetraquark pictures will be useful when dis- 
cussing the B® — > J /ifjj o(980) channel in Section [6] 



3.3 Estimate of the Branching Ratio in Factorization 



It is instructive to estimate the branching ratio of B® — > J/ipfo from the measured 
B® — > J/ipK° branching ratio. To this end, we assume that the /o(980) is a quark- 



antiquark state satisfying (2.3). In the factorization approximation, the hadronic matrix 



element takes the following form 39 



(fo(p')\sn 5 b\B° s (p)) = cos^ M if;/V) 



, ML - M? 

(p + pT- \^ 



i ML - AI'j 

+cos^mfjj;v)' 1 1 



(3.15) 



where q = p — p' is the transfered momentum and M denotes a particles mass. Here the 
FksI°-> whh k G {1,2}, are form factors that describe the transition of the B® meson to 
the ss component of the /o(980). Since the /o(980) is a scalar particle, Lorentz invariance 
implies that only the axial- vector part of the V — A current contributes to the matrix 
element with the pseudo-scalar B° s meson. In the case of the B® — > J/ipK° transition, 
as also the K° is a pseudoscalar meson, only the matrix element of the vector current 
S7 M 6 is non-vanishing, with a parametrization in terms of form factors that is completely 



analogous to (3.15). 



2 Using experimental data on B® — > J/-07T and the SU(3)f flavour symmetry, the counterparts of b 
and $ in B® — > J/^pK , a and 6», are found at the 1 a level as a e [0.15, 0.67] and 9 € [174, 212]° (34 . 
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If we use the factorization approximation and take only the colour-suppressed tree- 
diagram-like topology into account, we obtain 



BR(i? s J/V>/ 



BR{B° d ->■ J/^if ) 



fact. 



B s °/o (M 2 



-1 2 



COS (f M , 



where 



with 



$ s = $(M^/M B o, M fo /M B o), $ d = ^(Mj/^/Mm, M KO /M B o) 



(3.16) 



(3.17) 



$(x, = ^ [1 - (x + y) 2 ] [l - (x - y) 2 ] (3.18) 

are phase-space factors. 

To calculate the B% — y K° form factor we use the leading-order light-cone QCD 
sum- rule analysis of Ref. 40 and extrapolate to the scale of interest, M 2 ,^, by using the 
analytic evolution equations in q 2 provided. The resulting value is very similar to the 



one that can be inferred from the plots of Ref. 41 ; we obtain 



F? dK (M 



J/i>) 



0.615 ±0.076. 



(3.19) 



The B® — y / (980) form factor of the axial- vector current is more problematic due 
to the uncertain mixing angle <£>m- The authors of Ref. 39 perform a leading order 
light-cone QCD sum-rule calculation with the assumption that the / (980) is entirely an 
ss state, i.e. that <fyi = 0°. Using the evolution equation in q 2 that they provide, we 
obtain 



cos^m<;/°(m^) 



</>M=0° 



n OO+0.06 

u - oz -0.05- 



(3.20) 



On the other hand, the authors of Ref. [18] determine the mixing angle (pu by per- 
forming a fit of the Df s ) —y / (980){7r, K} branching ratios with the help of two ap- 
proaches: covariant light-front dynamics and dispersion relations. The latter method 
gives a fitted mixing angle of (fM = 41.6° and is better behaved for the large momentum 



transfer M 2 ,^; we read off from their plot: 



cos^S/ '^ 



0.5. 



¥>m=41.6° 



(3.21) 



Due to the wide variance in results for the different methods and mixing angles, we will 
not include error estimates for the corresponding branching ratio calculation. 



By combining the form factors in (3.19), (3.20) and (3.21) with the measured value 



BR(B% J/i)K Q ) = (8.71 ±0.32) x 10" 4 , as well as the lifetimes and mass values listed 
in Ref. (2), we find 

BR(E° — ^ J/i()f )\ „„ ~ 1.9x10" 



!</>m=0° 



(3.22) 



and 



BR(B° S ^ J/M )\ 



VM=41.6° 



4.8 x 10" 



(3.23) 
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Let us emphasize that these estimates assume that the /o(980) is described in the qq 



picture by (2.3), include only tree topologies, and take only factorizable S , f/(3)-breaking 



effects through the form-factor calculations listed above into account. 

3.4 Estimate of the Branching Ratio from Experiment 

We proceed to compare the results obtained in the previous subsection with the data 
listed in Table [TJ Combining errors in quadrature and taking a weighted average give^] 

BR(B° S J/^f ; fo vr + 7r-)| avg = (l.36j£») x 10" 4 . (3.24) 

The missing ingredient is BR(/o — > tt + tt~), which has not been adequately measured. 
However, measurements do exist for the ratios 

r(/ -> tttt) , _ r(/ -> K+K~) 

R= T(f ^nn) + T(f ^KK) ^ R = T(f FF) ' ^ 

Under the assumption that all other decay channels (such as 77) are neglegible and that 
the tttt and KK channels adhere to isospin symmetry, we expect 

BR( /o _ = ™ = (3.26) 

as well as 

1 27?' 
BR(/ -> = - (1 - J2) = ^-p^, (3.27) 

which we include for completeness. We note, however, that the isospin assumption 



r(/o — > K + K~) = r(/o — > K°K°) on which (3.27) and the expressions involving i?' 
depend, could be spoiled by phase-space effects. Specifically, because the decay thresh- 
olds of both the fo — > K + K~ and /o — >■ K°K° channels are beyond the /o mass peak, 
the slope of its wide resonance could significantly break the isospin assumption. As the 
tttt final states have a much lower threshold and thus access to a large phase space, we 



expect the equality in (3.26) involving R to be stable under the above considerations. 



Using the measurement R = 0.75^q\1, which was reported by BES2 in 2005 42 , the 



authors of Ref. 18 have used the above relations to extract 

BR(/ -> 7r + 7r-) = 0.50l°;°9 (3.28) 



43 



and BR(/ -> K+R-) = 0.125±g;g||. Using the 2006 BaBar result R' = 0.69 ± 0.32 
we find BR(/ -> vr+Tr") = 0.35 ± 0.08 and BR(/ -> K+R-) = 0.24 ± 0.06. Because 
of the near 1 a discrepancy of these results and the preceding discussion concerning the 
possible fo — > KK isospin-breaking effects, we do not use the latter result. 



By naively assuming a narrow width for the fo, we can combine the average in (3.24) 



with (3.28) to finally obtain 

BR(B° S J/^/o)| exp = (2.7^:3 x 10 " 4 ' ( 3 - 29 ) 



3 Our simple weighted average does not account for possible correlations between uncertainties. We 
hope that more sophisticated averages will be available from the Particle Data Group soon [ij. 
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which agrees within the errors with the estimates in (3.22) and (3.23). Thus the colour- 
suppressed tree topologies by themselves account for the correct order of magnitude of 
the measured B° s — » J / ipf Q branching ratio in the quark-antiquark picture. However, in 
view of the large errors, we cannot draw further conclusions about the hadronic structure 
of the /o(980) from this exercise. 



4 Effective Lifetime of B° s J/ifrfo 



4.1 Untagged Decay Rate 

From an experimental point of view, "untagged" studies of 5 s -meson decays, where we 
do not distinguish between initially, i.e. at time t = 0, present B° s or states, are 
more accessible. Since both B® and B° s can decay into the J /ipf (980) final state, we 
obtain |44l 



(T(B s (t) -> J/Mo)) = T(B° a (t) -+ J/^/o) + T(B° s (t) -> J/^f ) 



R R (B S -+ J/^/o)e- r H S) ' + R L (B 3 -+ J/^f )e 



oc e 



-T.t 



cosh 



AT J 



+ A A r(B s -» J/ipfo) sinh 



^ Ar s t 



where 



Ar a EErW-rg } , r s 



H "T" 1 L 



with r Bs denoting the B® lifetime, and 



^Ar ee A A r(B s J/^fo) 



R R (B S -» J/^/ ) - i? L (£? 5 -> J/^/q) 
i? H (^ J/^/o) + Rl(B s -> J/^/ ) 



Using the standard B®-B® mixing formalism [27], ^4.Ar is given as follows: 



i + \e (s) I 2 ' 



where 



Wo 



1 + ebe^e'^ 
1 + e6e i,? e+*T 



Here T}j/$f = —1 is the CP eigenvalue of the J/ipf (980) final state, while 



^SM + , NP 



(4.1) 



(4.2) 



(4.3) 



(4.4) 



(4.5) 



(4.6) 



denotes the CP-violating B®-B° s mixing phase. The SM piece takes the following tiny 



value 45 



^sm _ _ 2f3s = _ 2A 2^ = _^ 2 08 ± Qm y^ ^ 
while (f)g p describes the impact of CP-violating NP contributions to B° s -B° s mixing. 
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In writing (4.5), we have adopted the parameterization for the SM decay ampli- 



tude in (3.2), thereby making the plausible assumption that there is no significant NP 



contribution at the decay amplitude level. Experimental evidence in support of this 
assumption is given by the absence of large direct CP violation in the B^ — > J/ipK° and 
B + — > J/il)K + channels (4,31 . Putting exchange and penguin annihilation topologies 



aside, these channels emerge from the same quark-level transitions as B° s — > J/tpfo. 



In ( |4.5[ ), we have used ( |3.2[ ) and have taken the CP-odd eigenvalue of the J /ip / (980) 

we introduce a quantity A0 through 



final state into account. Following Ref. 35 



sin A0 

cos A0 = 



2eb cos $ sin 7 + e b sin 27 
" AVI - C 2 

1 + 2eb cos $ cos 7 + e 2 b 2 cos 27 



Here 



with 



C = C(B S J/^/ ( 



Ny/l - C 2 

— 2e& sin $ sin 7 



N 



2 1.2 



iV = 1 + 2e6cos^cos7 + 



(4.8) 
(4.9) 

(4.10) 
(4.11) 



describes the direct CP violation in B® — > J / ipfo as we will see in Section |5} Conse- 
quently, we have 

. , 2e6 cos -i? sin 7 + e 2 b 2 sin 27 

tan A0 = — — — . 4. 12 

1 + 2eo cos 17 cos 7 + e 2 b 2 cos 27 

Using only this expression would result in a two-fold ambiguity for A<f). However, this 



can be lifted thanks to the information about sinA0 and cosA0 in (4.8) and (4.9) 



respectively. The hadronic phase Acf) allows us to write A/\r i n the following compact 
form: 

„4 A r = Vl-C 2 cos(0 s + A0) . (4. 13) 



4.2 Calculation of the Effective Lifetime 

A particularly nice and simple observable that is offered by the B® — > J/ipfo decay is its 
effective lifetime, which is defined through the following expression |46|: 



. - JT'W)->W.P (414) 

This quantity is also the resulting lifetime if the untagged rate with the two exponentials 
in (4.1) is fitted to a single exponential [3 47 . Using the two-exponential form in (4.1) 
with iZn.L = Rh,l(B s J/ipfo) yields 



which can be written in terms of 



Tj Wo - - _ (s) {s) , (4.15) 



Vs = ^ (4.16) 
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the observable Aaf and the B® lifetime as 



l + 2A A ry s + y. 



1 + AafUs 



(4.17) 



The first measurement of the effective B® — > J / ipfo lifetime has recently been performed 
by the CDF collaboration [8~], with the following result: 

(4.18) 



t JMo = [l.70i8:|5 (stat) ± 0.03 (syst)] ps. 
The observable A,\r satisfies the inequality: 

- 1 < ^Ar < +1. 



Consequently, the general expression in (4.17) implies the constraints: 

1 < T J/i>h < 1 



1 - \Vs 



(4.19) 



(4.20) 



These inequalities rely only on (4.19) which can neither be spoiled by hadronic SM 
contributions to the decay amplitude nor by NP contributions. Moreover, if we assume 
that NP can only affect AT S through B° s -B° s mixing, which is a very plausible assumption, 



we have 48 



Ar!? M coS( 
277" 



2/ s SM cos, 



where 



(4.21) 



(4.22) 



In the latter expression, 0^ is the NP B s -B s mixing phase, which also enters the phase 
<j) s defined in (4.6) on which depends, whereas the SM piece takes the following 

(4.23) 



value 49 



(0.22±0.06) c 



Using (4.21), we obtain 



1 + 2/. 



SM 



< 



1 + 2/. 



SMI 



cos< 



< T _mh < i 

T B a ~~ 1 - J/f M | COS < 



< 



1-2/. 



SM ' 



(4.24) 



These inequalities hold for the effective lifetime (as defined in (4.14)) of any B s — > / 
decay where both B® and B° s mesons can decay into the same final state /. 



4.3 Numerical Analysis 



In order to perform a numerical analysis of the effective B® — > J/ipfo lifetime, we use the 
most recent update for the theoretical analysis of the width difference of the £? s -meson 
system 



49 



Ar 



SM 



0.133 + 0.032. 



(4.25) 
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Figure 3: The effective B° s — > J/ipfo lifetime as a function of the B° s -B° s mixing phase 
4> s . Assuming 7 = (68 ± 7)° with < b < 0.5 and 0° < $ < 360° results in the narrow 
band in the centre of the curve. The major source of the theoretical error comes from 
the value of Arf M /r s = 0.133 ± 0.032, as illustrated by the wide band of the curve. 

In Fig. [IJ we show the dependence of Tj/^f /T Bs on the B®-B® mixing phase S . In 
order to illustrate the impact of the hadronic corrections, we use 

7 = (68 ± 7)°, (4.26) 

which is in agreement with the determination of this angle in Ref. [46 1 and the fits of 



the UT 50,51 . For the hadronic parameters we use the ranges in (3.14). Thanks to the 



suppression from the e factor in (|3.2|), even this generous range for b has a very small 

viour is analogous to tli 
and B° s ->• J/ipK s (52). 



impact on the effective lifetime. This remarkably robust behaviour is analogous to the 
effective lifetimes of other channels, such as B® — > K + K~ 
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In Fig. 3l we also show the CDF measurement given in (4.18) as the top horizontal 



band (the central value is indicated by the dashed line), and observe that it is about la 
above the upper bound for the lifetime, which is numerically governed by the SM value 



for Ar s /r s in (4.25). Our SM prediction of the lifetime is: 



r Wo|sM = ( L582 ±0 - 036 )P S > 



1-0.021 ^ 
-0.022 J 



ps 



(4.27) 

3l|. As can be seen 



where we have also used (4.7), (4.23) and tb s = (1.477_ 

in Fig. [3j the measurement of tj/^,/ offers an interesting probe for CP- violating NP 
contributions to B° s -B® mixing. The lower horizontal band in Fig. [^illustrates the impact 
of a future measurement of Tj/^f /r Bs at the 1% level, assuming a value of <p s = —45°. 
It is clearly an important goal to push the measurement of the effective B° s — > J/ipfo 
lifetime to the 1% level. 

Since a couple of years, measurements of CP violation in B° s — > J / ip<f) at the Teva- 
tron indicate possible NP effects in B®-B® mixing 53 55 . The current status can be 
summarized as follows [55|: CDF finds the (68% C.L.) range 



e [-177.6°, -123.8°] V [-59.6°, -2.3°] 



(4.28) 
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Figure 4: Left panel: the mixing-induced CP asymmetry of B® — > J/ipfo as a function 
of the B° s -B° s mixing phase <p s ; assuming 7 = (68 ± 7)°, < b < 0.5 and 0° < 1? < 360° 
gives the error band. Right panel: individual errors associated with the input quantities, 
zoomed in on the region <fi s G [—10°, 10°] close to the SM case. 



while the D0 Collaboration reports 

S = - (31.5±i?;I)°. (4.29) 
These results are complemented by the measurement of the anomalous like-sign dimuon 



charge asymmetry at D0, which was found to differ by 3.9 a from the SM prediction 56 
The LHCb Collaboration has now also joined the arena, presenting the currently most 
precise measurement of <p s from the B° s — > J/ip(p channel (9J: 



S = +(7.4 ± 10.3 ±4.0)°. (4.30) 

The central value has a sign different from the Tevatron picture and the SM value of <j) s . 
Despite tremendous progress, the errors are still sizable and it will be very interesting 
to monitor the future measurements. Also the CP violation in B° s — > J/ipfo provides 
information about S , which is our next topic. 



5 CP Asymmetries of B® — >• J/^/o 

A tagged analysis, from which we can distinguish between initially present B° s or B® 
mesons, allows us to measure the time-dependent, CP- violating rate asymmetry 



T(B a (t) -> J/V/o) - T(B 8 (t) -> J/V/o) 



Ccos(AM s t) - Ssin(AM s t) 



T(B 8 (t) -> J/iPfo) + T(B s (t) -> J/iPfo) cosh(Ar s t/2) + ^t Ar sinh(Ar s t/2) 



(5.1) 



where C and ^4.Ar are given in (4.10) and (4.13), respectively. The "mixing-induced" 
CP-violating observable 



S EE S(B S -+ J/^fo 



-2Im^ 



(s) 

J/4>fo 



1+ e 



Wo I 



(5.2) 
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Figure 5: Parametric plot of the mixing-induced and direct CP asymmetries of the 
B® — > J/ipfo decay, S and C, respectively, for 7 = 68° and the SM central value 
0s M = — 2.1°. The solid rings correspond to the fixed points of b = 0.2 and 0.5 with $ 
allowed to vary. Likewise, the dashed lines are fixed points of d with b allowed to vary. 



originates from interference between B° s -B° s mixing and decay processes, and can be 



written with the help of A(f> introduced in (4.8)-(4.12) as follows 35 

S = y/1- C 2 sin(0 s + A0). (5.3) 

In the left panel of Fig. |4| we show the dependence of S on the B®-B® mixing phase 
4> s . In order to explore the impact of the hadronic effects, we assume again (3.14) with 



(4.26), and add the resulting errors in quadrature to attain the band shown in the figure. 



Our SM prediction, which is indicated by the error bar, is given by 

S(B° S -> J/V/o)| SM e [-0.086,-0.012], 



(5.4) 



which should be compared with the naive SM value, (sin0 s )|sM = —0.036 ± 0.002, 
corresponding to b = 0. The right panel of Fig. [4] is a zoomed in version of the same 
plot, focusing on smallish phases <p s . Here the individual errors associated with the input 
parameters have been included, revealing that b and 1? lead to a comparable and sizable 
error in this (f) s domain, whereas the error on 7 in (4.26) is negligible. These plots are 
complemented by Fig. IBl where we show the dependence of S and C on (6, •§) and the 



resulting correlation between these observables for the SM central value of cj) s . 

From these plots and the range in ( |5.4 ) we conclude that the measurement of the 
mixing-induced CP violation in B® — >■ J/ipfo would give us unambiguous evidence for 
NP in B° s -B° s mixing should a large value of \S\ be found. For instance, <p s ~ —45° would 
correspond to S ~ —70%. However, such a fortunate scenario is now essentially excluded 



by the LHCb result given in (4.30). Still, LHCb may eventually measure sizeable mixing- 



induced CP violation in B° s — > J/ipfo- Should its value fall into the range 

-0.1^5^0, 



(5.5) 



the hadronic SM effects related to the b parameter would preclude conclusions on the 
presence or absence of CP-violating NP contributions to B®-B® mixing, unless we have 
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insights into this parameter. First constraints can obviously be obtained through the 
measurement of direct CP violation in — > J/ipf . However, this asymmetry takes a 
value of at most ~ 5% in Fig. [5] and will be challenging to measure precisely. 

Before discussing a "control" channel to constrain the be 10 parameter through data 
in the spirit of the strategy involving the B° s d — > J/ipKs system proposed in Ref. [32] , 
let us spend a few words on the most recent developments. The LHCb collaboration 
has reported the first (preliminary) result for the determination of <j) s from the mixing- 
induced CP violation in the B° s — > J/?pfo channel, which reads as follows [9]: 

S = -(25±25± 1)°, (5.6) 

and corresponds to S = ~OA3to[tl- In this analysis, the hadronic corrections discussed 
above were not taken into account. There is still some way to go until we may eventually 



enter the limiting range in (5.5 ) and it will be interesting to see the evolution of the data. 



The LHCb Collaboration has also obtained an average with the B® — > J/ip(j) result 



in fl4.30[ ), which is given by <p s = +(1.7 ± 9.2 ± 4.0)° |9|. Once the B° s J/ipf 
analysis becomes more precise, it will be problematic in view of the hadronic effects and 
their different impact on the B® — > J/ipfo and B° s — > J/ip(p channels to make such an 
average. It will actually be very interesting to compare the individual measurements as 
the precision increases, which may also provide insights into the hadronic corrections. 



6 The B Q d J/^/o(980) Channel 



6.1 Decay Amplitude and Observables 

An interesting decay to obtain insights into the size of the hadronic parameter be 1 " 6 is 
B% — > J I 'tp / (980) , which we will abbreviate in the following as B d — > J/ipfo- In order to 
obtain its decay topologies, we have simply to interchange all strange and down quarks 
in Fig. [TJ The leading colour-suppressed tree-diagram-like topology emerges from the dd 
component of the /o(980) state. 

A key feature of the B^ — > J/ipfo mode is that the CKM factors = V q dV* b enter 
the expression for the decay amplitude. If we assume the SM and apply the unitarity of 
the CKM matrix, we arrive at 



A(B° d -> J/^/o) = -XA' 



&W 7 



(6.1) 



where A' and b'e 1 " ' take the sam e form as (3.3) and (3.4), respectively. In contrast to 
the B® — > J/ipfo amplitude (3.2), the hadronic parameter b'e 1 ® is not suppressed by e. 



Consequently, its impact is "magnified" in B® — > J/i/jfo with respect to B° s — > J/V'/o- 
The CP- violating rate asymmetry of B® — > J/ipfo takes the form 

nut) -> Jim - nm -> j/m = c , cos[Am _ s . Bin(AMA (6 . 2) 

T(B d (t)^.JI4,f<,)+T(B i (t)^JI4,j ) 
where we have taken into account that the width difference of the S^-meson system is 



negligibly small, in contrast to the 5 s -meson system. In analogy to (5.1), the observable 

2b' sin d' sin 7 



a = c(B d -> j/^/o) 



N' 



(6.3) 
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with 

N' = 1 -2b' cos •& cos 7 + b' 2 
describes direct CP violation. On the other hand, 



S' = S(B d -> J/^/o) = v/T^C^ 



sin 



+ 



(6.4) 



(6.5) 



where <pd is the B^-B® mixing phase Jj describes mixing-induced CP violation. The phase 
shift A(j)' can be obtained from 



yielding 



sin A<f)' 
cosA0' = 

tan A<p' = 



—2b' cos •& sin 7 + b' 2 sin 27 

" ivvi - c" /2 

1 — 26' cos i?' cos 7 + b' 2 cos 27 
iVVl - C' 2 : 

—2b' cos d' sin 7 + 6 /2 sin 27 



(6.6) 
(6.7) 

(6.8) 



1 — 2b' cos "&' cos 7 + 6' 2 cos 27 
The measurement of C and S' allows us to determine b' and 9'; the corresponding 



expressions can be obtained straightforwardly from the formulae given in Ref. 34 
6.2 Specific Assumptions about the / (980) 



As in Section 3.2, let us now discuss the forms of the hadronic parameter b'e in the 



quark-ant iquark and tetraquark frameworks. In the former case, in analogy to the flavour 



decomposition for the B° s — > J/ipfo channel in (3.7), we obtain for the B& — > J/ipfo decay: 

AW' 1 " = (6.9) 



A 



'(c) 



sm*gM t/( c ) 
V2 T ^~' 



V2 p ' dd "' 



whereas the amplitudes A'^ , an d ^pa^ take the same forms as their B° s — > J/ipfo 
counterparts. Using SU (3)f flavour symmetry, we can drop the qq subscripts. Moreover, 
we can then also identify the B® — > J/ipfo amplitudes with their £>° — > J/ipfo partners, 
i.e. can simply drop the primes. This results in the following expression for the hadronic 
B% — > J/ipfo parameter: 



b'e^' 



Rh 



COS ipM ' 


f 7(ut)~ 

r pA . 


\ + ^ sin ip M < 


/i p -t- /i E + Z/i pA 


[ 1 


cos^m{4 C) + 4a] 


> + A= sin y? M < 


a(°) 1 /i( c *) 1 4( c ) 1 J( ct ) 

/lrp ~T ^lp ~T ^^lp ~T ^^ipA 





(6.10) 



which should be compared with (3.8). 



In contrast to the conventional SU (3)p strategies involving decays of B^ mesons into 
pions and kaons, there is a complication due to the hadronic structure of the /o(980), 



4 Taking the corrections from doubly Cabibbo-suppressed penguin topologies through — > J /ipir 
data into account, the mixing-induced CP violation in B% — > J/ipK$^ gives <pd — (42.2^'*)° 34 . 
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which is reflected in (3.8) and (6.10) by the dependence on the mixing angle <pw There 

(6.11) 



is an interesting situation, corresponding to 



COS <£>m 



V2 



sin y? M , 



which is satisfied for ipu = 55°. In this case, we have 

1 



|/o(980)> = [\uu) + \dd) + \ss)] 



and arrive at the following expression: 



\qq 



, a( u ) , q /)("*) 

zip ~r jt-e t "J^pA 
a( c ) i /\i ct ) I q J(c) _| o J(ct) 

/lrp f ^lp f "J^E ' PA 



(6.12) 



(6.13) 



gq 



We could then simply identify the be %e of the B° s — >■ J/ipfo channel with the 6V 9 ' of the 
B% — )■ J/ipfo mode. Looking at the current ranges of ipM summarized in Section 2.2, this 
scenario - or a situation close to it - may actually be realized in nature. It is interesting 



to note that the flavour structure of (6.11) corresponds to an SU(3)p singlet, in analogy 
to the 7/1 state of the r\-r( system of the pseudo-scalar mesons. 

On the contrary, as was discussed in Section |2j the tetraquark interpretation of the 
/o(980) appears more favourable. In this picture, we obtain 



/(c) 



A 



'(c) 



A 



E 



A 



l{qt) 
PA 



1 

72 

1 

71 
i 

71 
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i 

71 



A. 



/(c) 

T,sdds 



A 



Kit) _ 

P,sdds 



A 



/(c) 
suits 



+ A 



/(c) _ 
E,sdds 



+ A E,ussu + A 



E,dssd 



5 ^ 3)F 2v« c) , 



A 



'(«) 

E,ussu 



1 !/(«) 

71 E ' 



A 



/(c) 

PA, suns 



+ A 



/(c) 

PA.sdds 



'(c) i T'(c) 



PA,dssd 



SU(3) t 



PA > 



(6.14) 



in analogy to (3.9). The A ig topology shown in Fig. |2| does not have a counterpart in 
— > J/ipfo for lo = in (2.5), which was assumed in the expressions given above. For a 



non- vanishing value of this angle, it would be suppressed by sinu < 0.1. Assuming again 
the SU(3)f flavour symmetry to identify the topological amplitudes in B% — >■ J/ipfo and 
B® — > J/ipfo, we arrive at 



1.1 
o e 



Hi' 



Rh 



4q 



A 



(ut) 



A 



(«) 



1 PA 



4 (c) 



+ 4 ct) 



(6.15) 



It is interesting to note that the qq expression (6.10 ) reproduces the form of the tetraquark 



expression (3.12) for a mixing angle y? M satisfying (3.12), although the individual topo 



logical amplitudes would in general take different values in the qq and Aq frameworks. 
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6.3 Estimate of the — > J/tf}f Branching Ratio 

For experimental studies, it is useful to estimate the branching ratio of the — > J/4>fo 



decay. Using (|3.2|) and (|6.1|), we obtain the following expression for the ratio of the 

1 - 26' cos i?' cos 7 + 6' 2 



CP-averaged decay amplitudes: 



(A(B d -> J/iPfo)} 



(A(B S -> J/^/o)) 
where (3.3) gives 



2eb cos "(9 cos 7 + e 2 6 2 



,4' 



A 



A' 
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A'i c) + at 1 + a;t + ^4 



A ct ) 



/(c) 



,/(ct) 

PA 



4 ( c ) 1 A ( ct ) I 4 ( c ) _j_ /l ( ct ) 

J-lrp "T" ^lp "T" ^lg -|- ^T-p^ 



(6.16) 



(6.17) 



Keeping only the tree and penguin contributions and using the SU(3)f symmetry yields 



A' 



A 



qq 



tan<£ M 



and 



-4' 



-4 



Aq 



(6.18) 



for the quark-ant iquark and tetraquark descriptions of the / (980), respectively. For the 
former case, the result 



A' 



A 



qq 



Ff dfo (M 2 



if° /o (M 2 



J/i>> 



0.44, 



(6.19) 



J ¥> M =41.' 



which was obtained in Ref. 18 for the qq framework (using dispersion relations, see 

(6.20) 



Section 3.3), is in the same ball-park as 

tan<^ M 



s/2 



0.63. 



¥>M=41.6° 



If we introduce the quantity 



1 -2b' cos cos 7 + b' 2 



1 + 2eb cos $ cos 7 + e 2 6 2 ' 
we can write the CP-averaged branching ratio as 

BR(B° d J/^/ ) = H f0 x BR(B° d -> J/V/o)o, 

where 



BR(B° J/^/ )o 



-4' 



-4 



(6.21) 

(6.22) 
(6.23) 



is the CP-averaged branching ratio in the limit V = 0; Q' d denotes the B® — > J/ipfo 
phase-space factor. This relation holds correspondingly for the branching ratios with 



fo -)■ 7t + 7t _ . Using (3.24) yields 



BR(B° d -> J/^/o; /o -> tt+Oo ~ (l.65+°;^) x i " 



(6.24) 
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where we have used the tetraquark value in (6.18), which is also in the ball-park of 
(6.19 ). In this estimate, the error is essentially due to (3.24 ) and does not take (unknown) 
theoretical uncertainties into account. As we will see in Section 6.5 the range < b' <^ 0.5 
corresponds to 0.8 ^ Hj ^ 1.6, so that (6.22) yields for the central value in (6.24) the 
following range: 

BR(B° d J/iPf ; f -> 7T+7T-) ~ (1-3) x lO" 6 . (6.25) 



Since the tetraquark picture corresponds to (3.12) with ifu = 35°, it is more predictive 
for the estimate of the B® — > J / ipf branching ratio than the quark-antiquark framework. 
As we discussed in Section 2.2, in the latter case, the mixing angle suffers from large 
uncertainties. Obviously, as the leading contribution to B® — > J/ipfo is caused by the 
dd component of the /o(980), a mixing angle close to 0° or 180° would strongly suppress 
the decay. On the other hand, the observation of B® — > J/ipfo in the 10~ 6 regime would 
imply a significant dd component of the /o(980). It is interesting to note that about four 
times more B d than B s mesons are produced at the Tevatron and LHCb [31,57 , which 
partly compensates the CKM suppression of the B d — > J/ipf® channel with respect 
to B° s — > J/ipfo- In view of (6.25), the first signals of the B® — > J/ipfo decay with 
fo — > 7r + 7r~ may be seen in the near future. Needless to note, the B® — > J/ipfo is also 
an interesting topic for the e + e~ SuperKEKB and SuperB projects. 



6.4 Hierarchy of Topological Amplitudes 



So far, we have not assumed any hierarchy for the different topologies contributing to 
the decays at hand. The dominant contribution is expected to be given by the colour- 
suppressed tree amplitude . Should all other topologies give negligible contributions, 
we would simply have b' = b = 0, and the observables discussed in Sections [4] and [5] 
would not be affected by hadronic uncertainties and the structure of the /o(980). 



Should in addition to A^ only the penguin topologies described by the Ap' ampli- 
tudes have a significant impact, thereby resulting in a sizable value of b, the situation 
would be given in the SU(3)p limit as follows: 



be 
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(ut) 
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+ 4 rf) 
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(6.26) 



both in the tetraquark and qq descriptions of the /o(980). In the latter case, however, 
we have to assume that the mixing angle ifiM is significantly different from 0° or 180°, as 



is evident from (6.9) and (6.10); the ideal situation would correspond to (6.11), yielding 
(6.13). The hadronic corrections to the mixing-induced CP violation in B° s — > J/ipfo 



could then be constrained through the B® — > J/ipfo mode. 



In addition to S'?7(3)F-breaking effects, the relation in (6.26) is affected by the addi- 



tional topologies. The exchange and penguin annihilation topologies, which involve the 

38)). 



36 



spectator quarks, are usually neglected in the literature (see, for instance, Refs. 
In the case of B decays involving the /o(980), there is an interesting argument, which 
supports their suppression, that is related to the decay constant of this state. Namely, 
the / (980) decay constant is defined by 



(/o(p)|g7 M (l - 75)g|0) = (fo( P )\q^q\0) = f fo p», 



(6.27) 
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Figure 6: Decay topologies contributing to the B® — > J/tpn° (top row) and — > J/ip4> 
(bottom row) decays. The creation of a 7r° from a colourless state is forbidden by isospin 
symmetry (QED effects and EW penguin annihilation topologies can circumvent this 
argument). 



where the axial-vector current does not contribute because of Lorentz symmetry (q e 
{s,d,u}). Using the CP transformation 



(CV) [g 7 M (l - Ts)?] (CVy = - [ff7„(l - l5 )q] 



(6.28) 



with {CVyiCV) = 1 and (CV)\f ) = +\fo) in (6.27) as well as the CP invariance of strong 



interactions, it follows straightforwardly that the decay constant has to vanish, i.e. // = 
0. The same argument in fact applies to all CP-self conjugate scalar states. Consequently, 
the exchange and penguin annihilation topologies will vanish in the factorization picture 
as, in this framework, they are proportional to the product fs s d fj/f ff of the decay 
constants. This feature suggests that these topologies play an even less pronounced role 
than they do in B decays into pseudo-scalar/vector mesons. Moreover, it is plausible to 
assume that they are suppressed significantly with respect to the penguin contributions 
A^ t] of the B° sd J/ipf decays. 

Experimental insights into this issue for B decays into "conventional" 



mesons can 



be obtained through the B^ — > J / ip(f> [35] and B® — >■ J/ vJjtt modes 34 , which can only 
emerge from exchange and penguin annihilation topologies. As can be seen in Fig. [6l 



the B® — > J/^(p an d B° s — > J/ipn decays probe the counterparts of the + ^pa an d 



,(ct) 



+ Ap2 amplitudes, respectively. The current experimental upper bounds on the 
branching ratios can be summarized as follows (90% C.L.): 



■ r )(S 



BR(B% J/tjxj)) < 9.4 x 1(T 7 
BR( J B S ° J/^tt°) < 1.2 x 10" 3 (59 . 



(6.29) 
(6.30) 
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If we use BR(B° d -> J/ipK*°) = (1.33 ±0.06) x 10" 3 g] and the SU(3) flavour symmetry, 



the upper bound in (6.29) allows us to obtain the following constraint: 



.4 



, Act) 

-f- /IpA 



.4 



T 



1 - A 2 /2^ 



A 



BR(5° J/ipK* Q ) 



£0.1. 



(6.31) 



Here , and A^" 1 denote exchange, penguin annihilation and colour-suppressed 
tree amplitudes in these decays, which are the counterparts of those contributing to 
B° sd — )■ J/ipfo- Since we have two vector mesons in the final state, angular distributions 
should be used to disentangle the different final-state configurations. For simplicity, we 
have just assumed "generic" sizes for the topological amplitudes. The upper bound in 



i( c ) 



(6.31) supports the expectation that the exchange and penguin annihilation topologies 
are strongly suppressed. It would be important to further improve the upper bound in 



(6.29) and to put constraints on the B® — > J/ipn branching ratio that are much more 

J/V^a°(980) 



stringent than the one in (6.30), which was published by L3 in 1997. 

The "scalar-meson" counterpart of B® — > J/tpir is given by the B° s 
channel, where 



a°(980) 



1 

71 



(uu — dd) and Oq(980) 



1 



V2 



([su][su] — [sd][sd]) 



(6.32) 



in the quark-ant iquark and tetraquark pictures, respectively. If we neglect the isospin- 
suppressed topologies corresponding to those in Fig. |6j we only get a contribution from 
the exchange topology in the quark-ant iquark description of the <2q(980). On the other 
hand, in the tetraquark picture, we get an additional contribution from the counterpart 
of the A iq topology in Fig. [2] Upper bounds on the branching ratio of the B® — > J/i/ja® 
channel and their comparison with B® — > J/ipir would therefore allow us to put some 
constraints on the A± q contribution. 

Another interesting decay in this context is B® — > J/ipR°(800), which receives only 
contributions from colour-suppressed tree and penguin topologies in the quark-antiquark 
picture of the scalar state k°(800) = sd. On the other hand, in the tetraquark description, 
R° = [su] [ud] , we get an additional contribution from the counterpart of the A iq topology. 
However, the properties of the k meson, which appears to have a very large width around 
500 MeV and sits close to the Ktt threshold, are essentially unknown |4]. 

6.5 Control of the Hadronic Effects in B® — >■ J/ 1/7/0 

Once the CP-averaged branching ratio of B d — > J/ipfo has been measured, we can 
determine Hf introduced in (6.21) by rewriting expressions (6.22) and (6.23) as follows: 
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A 



A' 



( M B o<S> s V r B o BR(B° d -> J/^/o) 



M B oV d 



r B o BR(B°^ J/^/o)' 



(6.33) 



In the left panel of Fig. [7| we show the correlation between the hadronic parameters for 
various values of Hf , assuming b = V and $ = in (6.21); even dramatic corrections to 
these relations would have a tiny impact because of the e suppression in (6.21). Under 
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Figure 7: Left panel: Correlation between b' and i?' for Hf = 0.9, 1.0, 1.2 and 1.6. 
iZi^/it panel: Correlation between Hf and the direct CP asymmetry C of B® — >■ J/ipfo, 
assuming 7 = 68°. The solid rings correspond to 6' = 0.2 and 0.5 with allowed to 
vary. Likewise, the dashed lines are fixed points of with b' allowed to vary. 



the same assumption, we also show in the right panel of Fig. [7] the correlation between 
Hf and the direct CP asymmetry C of the B® — > J/ipfo channel. First constraints on 
b' can be obtained from Hf as follows: 
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(6.34) 



which corresponds for e = to the bounds derived in Ref. 60 , and could be significantly 
sharpened through the measurement of C . The major uncertainty of Hf enters through 
the S*?7(3)F-breaking amplitude ratio |^4/^4'|. In addition, if the mixing-induced CP 
asymmetry S' of B® — > J / tpf is measured, the quantity Hf would no longer be needed 
for the determination of b' and 9'. It would then actually be interesting to extract |^4/^4'| 



from the data and to compare with (6.18) or better estimates of this ratio that may then 
be available. 

As we have seen in the previous section, we expect the exchange and penguin annihila- 
tion topologies to play a minor role in the B° sd ^r J/ipfo decays. In the quark-antiquark 
picture, assuming that the mixing angle (pu is significantly different from 0° or 180°, we 



would then have (6.26) in the SU(3)f limit, and could control the hadronic effects in the 
mixing- induced CP asymmetry of the B® — » J/ipfo decayj^] The theoretical uncertain- 
ties are governed by S , f/(3)F-breaking corrections and the situation would be similar to 
B° s — > J/ip<p, as discussed in Ref. 35 . However, in contrast to this decay, we also have to 



assume in the B® — > J/ipfo case that the /o(980) is a quark-antiquark state with wave 



function (2.3), which is far from being established. 



As we have seen in Section [2j the tetraquark description of the /o(980) has a variety of 
phenomenological advantages. But in this framework we have to deal with the additional 



5 In the case of <^m close to 0° or 180°, the —> J/ipa,Q(980) channel offers an alternative to 
B° — > J/ipfo- It is the "scalar-meson" counterpart of the — > J/ipir° decay 33 34 . 
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topology A^ q shown in Fig. |2j which contributes to B° s — > J/ipfo but does not have a 
counterpart in B% — > J/ipfo- Can we make quantitative statements about the A iq 
topology? As can be seen in Fig. [2j it involves the production of the J/ip through a 
colour-singlet exchange, in analogy to the penguin and exchange topologies in Fig. [T] 
However, this topology contributes also in the "spectator" approximation and arises 
at the tree level, i.e. is not loop-suppressed like the penguin contributions. On the 
other hand, the us diquark and the us anti-diquark have to be produced in the decay 
of the b quark in such a way as to form the / (980) bound state, which suggests a 
possible suppression. Presumably strong attractive forces are at work between these 
quark correlations, but the hadronization mechanism itself is essentially unknown. 

The central question for the analysis of the B° sd ^- J/ipfo system is the competition 
between the 4q and penguin topologies in (3.11). Should the former give a contribution 
at the same - or even larger - level as the penguins, which would be reflected by a sizeable 
value of b, we could not control the hadronic effects through the B® — > J/ipfo channel. 
In view of this situation, more detailed studies of the b parameter in the tetraquark 
description of the /o(980) would be very important. 



7 Conclusions 

Thanks to recent measurements, the B® — > J/ipfo channel is receiving increasing interest 
to complement the B° s — > J /ip<p mode in the search for CP- violating NP contributions to 
B®-B® mixing. In contrast to the latter decay, the B° s — > J/ipfo analysis is simpler as no 
time-dependent angular analysis is required. On the other hand, we have approximately 
one fourth of the events available. 

In this paper, we have performed a detailed study of the effective lifetime and the 
CP-violating observables of B® — > J/ipf , with a critical look at possible hadronic un- 
certainties. This is an important issue, in particular as the hadronic structure of the 
/o(980) is still controversial. It turns out that the effective lifetime is very robust with 
respect to such effects, with an error that is essentially fully dominated by the theoretical 
prediction of the width difference of the 5 s -meson system in the SM. We find that the 
first measurement by the CDF collaboration is about 1 a above a general upper bound 
derived in this paper, which relies on the SM value of AT S /T S . A future measurement of 
the lifetime at the 1% level would offer an interesting probe of the B° s -B° s mixing phase, 
which may be affected by CP-violating contributions to B° s -B° s mixing. 

A sharper picture of such effects is offered by the mixing-induced CP violation S of 
the B° s — > J/ipfo channel. The LHCb collaboration has very recently reported the first 
analysis of this kind, corresponding to S = — 0. 42^34. Should the measured value of 
S eventually fall into the range —0.1 <; S <; 0, hadronic SM effects would preclude us 
from drawing conclusions on the presence or absence of CP-violating NP contributions 
to B° s -B° s mixing, unless we have insights into these corrections. 

The Bj — > J/ipfo decay, which has not yet been observed, offers an interesting control 
channel for the SM corrections. The leading contributions emerge from the dd component 
of the / (980). It would be interesting to add B® — > J/ipfo to the experimental agenda. 
We have estimated its branching ratio with f — > 7r + 7r~ at the few times 1CT 6 level. In 
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this case, a first signal may be seen in the near future. 

In the quark-ant iquark description of the / (980), assuming a mixing angle y?M sig- 
nificantly different from 0° or 180°, we have shown that the hadronic corrections to S can 
be controlled through the observables of B® — y J/V/o by means of SU(3)p arguments. 
On the other hand, should the /o(980) be a tetraquark, we would have to deal with an 
additional topology at the tree level in B° s — y J/ipfo that does not have a counterpart in 
B® — y J/ipf . If it plays a significant role with respect to the conventional hadronic tree 
amplitude, there may be significant corrections for S which can no longer be controlled 
via B® — y J/ipfo- In the event that future "naive" determinations (i.e. neglecting the 
hadronic corrections) of <p s from B° s — y J/ipfo and B® — y J/ip<fi give sizeably different 
values, this may be traced back to the tetraquark topology in B Q S — y J/ipfo- 

As the experimental precision improves, the SM corrections to the determination of 
<fi s from the B° s — y J/ip<f) decay also have to be controlled. The conceptual advantage of 
this channel with respect to B° s — y J /ipfo is that it does not suffer from the poorly known 
hadronic structure of the /o(980) state. Interesting control channels for B° s — y J/ipcf) are 
B° s J/^K*° and B° d J/^p°. 

We very much look forward to future theoretical insights into the structure of the 
/o(980) as well as to future measurements! 
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